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The Arctic Snow and Air Temperature Budget Over Sea Ice During Winter 
JAMES E. OVERLAND 
Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric Administration, Seattle, Washington 
PETER S. GUEST 
Naval Postgraduate School, Monterey, California 
Arctic cooling through the fall-winter transition is calculated from a coupled atmosphere-sea ice 
thermal model and compared to temperature soundings and surface measurements made north of 
Svalbard during the Coordinated Eastern Arctic Experiment (CEAREX). A typical winter, clear-sky 
vertical temperature structure of the polar air mass is composed of a surface-based temperature 
inversion or an inversion above a very shallow (30-180 m) mechanically mixed boundary layer with 
temperatures -30 ø to -35øC, a broad temperature maximum layer of -20 ø to -25øC between 0.5 and 
2 km, and a negative lapse rate aloft. Because the emissivity of the temperature maximum layer is less 
than that of the snow surface, radiative equilibrium maintains this low level temperature inversion 
structure. A 90-day simulation shows that heat flux through the ice is insufficient to maintain a local 
thermal equilibrium. Northward temperature advection by transient storms is required to balance 
outward longwave radiation to space. Leads and thin ice (<0.8 m) contribute 12% to the winter 
tropospheric heat balance in the central Arctic. CEAREX temperature soundings and longwave 
radiation data taken near 81øN show polar air mass characteristics by early November, but numerous 
storms interrupted this air mass during December. Snow temperature changes of 15øC occurred in 
response to changes indownward atmospheric longwave radiation of 90 W m -2 between cloud and 
clear sky. We propose that the strength of boundary layer stability, and thus the degree of air-ice 
momentum coupling, is driven by the magnitude of the radiation deficit (downward-outward longwave) 
at the surface and the potential temperature of the temperature maximum layer. This concept is of 
potential benefit in prescribing atmospheric forcing for sea ice models because a surface air 
temperature-snow temperature difference field is difficult to obtain and it may be possible to obtain a 
radiation deficit field via satellite sensors. 
1. INTRODUCTION 
Maintenance of the thermal structure of the coupled 
atmosphere-sea ice system is dominated by radiative trans- 
fer between the snow surface and the lower troposphere, a 
region of roughly 2 km we choose to call the radiative 
boundary layer (RBL). Because the emissivity of the snow is 
greater than that for the air in the RBL, radiative equilibrium 
favors a surface-based temperature inversion, i.e. air tem- 
perature increasing with height, for clear sky conditions in 
winter. This is the winter Arctic climatological situation with 
small mean sensible heat flux from the air to the snow 
surface [Maykut and Untersteiner, 1969]. Understanding of 
the radiative boundary layer is important to air ice momen- 
tum exchange because the strength of the radiation deficit 
(downward-outward longwave) at the surface contributes to 
the strength of the temperature stratification of the lower 
atmosphere, which mechanical mixing must work against to 
establish a surface mixed layer and couple atmospheric 
motions to ice motion. 
There is a qualitative difference between the atmospheric 
temperature structure over sea ice compared with that over 
land. $verdrup [1933] noted that almost all high-latitude 
inversions observed from islands were surface based, inde- 
pendent of wind speed, while a shallow mixed layer was 
observed over pack ice during strong winds. Also, minimum 
winter air temperatures are lower at land stations than over 
pack ice. Minimum snow temperatures over sea ice are 
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primarily controlled by a net radiative loss balanced by heat 
conduction through the ice from the sea ice-seawater inter- 
face and a small sensible heat flux from the air to the snow 
surface (Table 1). Minimum winter temperatures over sea ice 
are typically -30øC and rarely -40øC during the polar night 
in contrast to -60øC at Arctic land stations, which do not 
have the oceanic contribution to the surface energy balance. 
The minimum air temperatures over land suppress the for- 
mation of a mixed layer. Inversion climatologies for the 
polar ocean are probably biased toward surface-based inver- 
sions through the inclusion of shore-based and even ice 
island-based temperature soundings [Belmont, 1958; Vow- 
inckel and Orvig, 1967]. 
Arctic cooling through the fall-winter transition is calcu- 
lated from a coupled atmosphere-sea ice thermal model and 
compared with temperature soundings and surface measure- 
ments from the Coordinated Eastern Arctic Experiment 
(CEAREX), conducted north of Svalbard in fall 1988 to 
winter 1989. It is shown that the snow temperature is 
primarily controlled by being in radiative equilibrium with 
the air temperature in the RBL, which in turn is maintained 
by a balance between radiative loss to space and lateral 
advection of heat from lower latitudes. 
A second topic is the relation of surface air temperatures 
to the snow temperature. It has been known for a long time 
[$verdrup, 1933] that while for clear skies the snow temper- 
ature will be slightly cooler than the surface air temperature 
(measured at 3 to 10 m), when a cloud comes over the snow 
temperature will be slightly warmer than the air. Similar 
results have been found for the snow surface at the South 
Pole [Carrol, 1982]. The surface air temperature does not 
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TABLE 1. Surface Heat Fluxes for Sea Ice in January 
Heat Flux, 
Wm-2 
Incoming longwave radiation 
Outgoing longwave radiation 
Net radiation 
Sensible heat flux from the air 
Latent heat flux from the air 







After Maykut [1986]. 
depart from the snow temperature by more than several 
degrees, except in very calm conditions. Because the radia- 
tion budget is the primary contribution to large changes of 
the snow temperature, and thermal coupling between air and 
snow temperatures is strong, the surface air temperature 
cannot be considered independent from the snow tempera- 
ture. At mid-latitudes, thermal advection can be large and air 
temperatures often are independent of radiation and surface 
temperatures. For Arctic boundary layers, we propose that 
boundary layer stability is related to a radiation deficit at the 
snow surface and a RBL potential temperature aloft. This 
concept is of potential benefit for driving ice models with 
boundary layer winds because an air temperature minus 
snow temperature field is difficult to obtain but it may be 
possible to obtain a radiation deficit field via satellite sen- 
sors. 
2. THE RADIATIVE BOUNDARY LAYER IN WINTER 
A typical winter temperature structure of Arctic polar air 
is composed of a surface-based inversion or an inversion 
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Fig. 1. Typical winter temperature profiles taken near Wrangel 
Island by the Maud expedition [Sverdrup, 1933]. Numbers are the 
date, and the heavy profile is a composite. These profiles were 
obtained from kites, which provided high resolution in the lower 
atmosphere. A low level inversion below a warm temperature 
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Fig. 2. Typical winter temperature profiles taken north of 
Alaska via dropsondes from aircraft. Details of the near surface are 
not available as in the Sverdrup data, but there is evidence of the 
temperature maximum layer [Poage, 1954]. 
above a very shallow (30-180 m) mechanically mixed bound- 
ary layer, a broad region of warm air with a temperature 
maximum between 950 and 800 mbar (0.5-2.0 km) and a 
negative lapse rate aloft (Figures 1 and 2). An early expla- 
nation for this temperature structure was by Wexler [1936], 
whose ideal sounding consisted of a surface inversion of 
infinitesimal thickness below an isothermal layer which 
extended up to a nearly adiabatic temperature layer. He 
hypothesized that the nearly blackbody emissivity of the 
snow surface was in radiative equilibrium with the graybody 
emission of the isothermal layer. For a snow temperature of 
-40øC the isothermal layer temperature would be -23øC. A 
shortcoming of this concept is that the isothermal layer also 
radiates longwave energy upward. A second shortcoming is 
that the longwave radiation from the surface is balanced both 
by downward atmospheric radiation and by conductive heat 
flux through the ice. Wexler's concept is very important to 
Arctic meteorology, however, in stating that the snow sur- 
face and the temperature maximum layer are strongly cou- 
pled through radiative processes. We term the depth to 
which the surface temperature strongly interacts with the air 
temperature as the radiative boundary layer, of the order of 
2 km. This height contrasts with the depth of the turbulent 
boundary layer (TBL), the height of turbulent mixing gener- 
ated by wind shear near the surface, of the order of 10-400 m 
depending on wind speed and stratification. 
3. SPECIFICATION AND CALIBRATION OF THE AIR-ICE 
THERMAL MODEL 
Processes in the radiative boundary layer will be examined 
through the use of a standard atmospheric radiation model 
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TABLE 2. Downward Longwave Radiation at the Surface for 
Clear-Sky Conditions With North-Northeasterly Winds 
(3500-80 ø) During CEAREX 
Measured Downward 
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Fig. 3. Drift of the Polarbjorn during fall CEAREX. 
outlined by Rodgers and Walshaw [1966]. This model is a 
band model in which the radiative transfer equations are 
solved for the interaction between atmospheric layers as a 
function of 21 frequency bands, which resolve the various 
absorption bands for CO2 and water vapor. The model is run 
with 73 vertical levels from the surface to 100 mbar with high 
resolution in the radiative boundary layer. Our version of the 
model gave the same radiative downward flux at the surface 
and cooling rate as the model used by Curry [1983] for an 
idealized Arctic atmospheric profile. 
The atmosphere is coupled to sea ice through the surface 
snow temperature, Ts. A steady thermodynamic model for 
Ts is used for sea ice balancing downward, F $, and upward 
longwave radiation and conductive heat flux through a 
two-layer ice and snow model 
r $ + + o (1) 
where TB is the ocean temperature, •,-- kiks/(ksh• + kihs), 
ks and k i the thermal conductivity of snow and ice, hs and h• 
are snow and ice thickness, and •r is the Stefan-Boltzmann 
constant. We have set hs = 0.2 m, h• = 2.0 m, ks = 0.31 W 
m -1 øK-1 and k i = 2.1 W m -1 øK-1. We have selected a 
snow thickness as representative regional average for the 
winter Arctic and the CEAREX site. A change in snow 
thickness from 10 to 30 cm represents a 22% decrease in the 
winter conductive heat flux from 18 to 14 W m -2 [Maykut, 
1986]; snow cover dominates the vertical flux for snow 
thicknesses greater than 0.1 m. The presence of >0.1 m 
snow compared with no snow is more important to our 
calculation than the variation of snow thickness. 
During the CEAREX drift phase in the fall of 1988 (Figure 
3), the R/V Polarbjorn was a platform for continuous surface 
and upper air measurements to the north and east of Sval- 
bard [Lackmann et al., 1989]. The daily average, clear-sky 
Nov. I 159, 153 
Nov. 2 145, 148, 147, 150 
Nov. 3 153, 155 
Nov. 4 157, 156, 151, 151 
Nov. 5 155, 156, 157, 159 
Nov. 19 177 
Nov. 20 194 
Nov. 24 176, 183 
Nov. 25 180 
Nov. 26 186, 184 
Nov. 27 182, 178 
Nov. 28 177, 179, 177, 179 
Nov. 29 181, 189, 193 
Dec. 4 200 
Dec. 6 207, 182 
Dec. 7 179 
Dec. 9 195 
Dec. 16 167 
Dec. 18 173 
Dec. 19 172 
Dec. 20 163 
Dec. 22 158, 163 
Dec. 23 151 
Dec. 24 !52 
Dec. 25 163 
Dec. 26 152 
Dec. 27 157 
Dec. 28 149, 156 
Dec. 29 150 
Dec. 30 168 
Each number represents a clear sky event that occurred in each 
6-hour period until December 17. After December 17 there were 
only one or two reliable estimates per day. 
downward shortwave radiation was 21 W m -2 on September 
20 and was virtually zero by mid-October; the influence of 
shortwave radiation on the fall sea ice radiation budget was 
negligible. There were three periods of persistent clear skies 
(Table 2): November 1-5 with F $ of 145-159 W m -2, 
November 26-29 with 177-189 W m -2, and December 16-30 
with 149-168 W m -2. Individual observations such as those 
on December 4 were brief events in a cloudy period. The late 
November period had longwave values about 20 W m -2 
greater than the other two cases. Clear-sky cases ended with 
storms with 100% overcast (Table 3) where downward 
longwave radiation at the surface increased about 90 W m -2 
TABLE 3. Downward Longwave Radiation at the Surface for 
100% Overcast and South-Southwesterly Winds (170ø-260 ø )
During CEAREX 
Measured Downward 
Date Radiation, W m -2 
Nov. 6 215,224 
Nov. 7 234, 233,251,258 
Nov. 30 231,2,42 
Dec. 1 248, 260 
Dec. 2 273,293,297, 296 
Dec. 7 301 
Dec. 8 300, 298, 287, 285 
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Fig. 4. (a) Temperature profile from November 4, 1988, taken north of Svalbard during CEAREX, (b) relative 
humidity profile, (c) computed upward longwave (right), downward longwave, and net (dashed) radiation profiles, and 
(d) computed cooling rate. 
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Fig. 5. Similar to Figure 4 for November 27, 1988. 
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Fig. 6. (a) Radiation profiles computed from the temperature profile in Figure 4a with the addition of an ice particle 
radiation source with an effective emissivity of 0.21 spread from the surface to 650 mbar, and (b) the corresponding 
cooling profile. 
over the clear-sky values. Our observations are consistent 
with an increase of 80 W m -2 found for overcast skies 
compared with clear skies in the winter Antarctic [Yaman- 
ouchi and Kawaguchi, 1984]. 
Starting with the clear-sky temperature soundings for 
November 4 and November 27, the radiation profile and 
atmospheric cooling rate were calculated with the radiation 
model (Figures 4 and 5). For November 4 the calculated 
downward longwave was 136 W m -2 compared with an 
observed value of 151 W m -2, a difference of 15 W m-2; the 
cooling rate for the lower atmosphere was 0.7øC d -]. For 
November 27 the calculated downward longwave was 137 W 
m -2, 42 W m -2 less than the observed value of 179 W m -2. 
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Fig. 7. Model calculated (a) temperature and (b) radiative profiles for a 90-day period, upward longwave (right), 
downward longwave, and net (dashed), with (c) assumed steady relative humidity profile for the calculation. Profiles in 
Figures 7a and 7b are plotted every other day. The initial condition is a linear temperature profile, and only local 
radiation and heat conduction through the snow ice are considered. This one-dimensional model cools the atmosphere 
below the climatological winter temperatures for the Arctic. 
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WINTER HEAT BUDGET W/m**2 
(after Nakamura and Oort,1988) 
157 
08 
Fig. 8. Energy balance for the winter season (December, Janu- 
ary, February) Arctic north of 70 ø [Nakarnura and Oort, 1988]. 
Units are watts per square meter. 
had a calculated F $ of 139 W m -2 compared with an 
observed F $ of 150 W m -2. Although the November 27 
case has a typical clear-sky temperature inversion near the 
surface, the humidity profile has more structure than the 
November 4 case, which gives a more complicated cooling 
profile and suggests that the air mass above the surface was 
not entirely of polar origin, i.e., the November 27 case may 
have had some thin clouds near 700 mbar. 
From the contrast with observed radiation values, we 
conclude that the model underpredicts the longwave radia- 
tion by 15-20 W m -2 during clear-sky conditions. This 
missing downward radiation can be attributed to the pres- 
ence of very small ice crystals or "diamond dust" through- 
out the lower Arctic troposphere in winter [Curry, 1983; 
Curry et al., 1989], which is not included in the Rodgers and 
Walshaw model. It is possible that the discrepancy could be 
from other sources such as blowing snow or thin cloud, but 
we have been careful to try to remove these cases. The 
presence of ice crystals adds 15-80 W m -2 to the downward 
flux at the surface [Curry et al., 1989]. No other modification 
of the radiation model will account for the discrepancy in 
downward flux. Figure 6 shows the radiation and cooling 
profiles for November 4 with the addition of an ice crystal 
layer from 1010 to 650 mbar with a layer emissivity of 0.21. 
This addition provides the necessary downward longwave 
flux of 151 W m -2 at the surface. Atmospheric cooling is 
now 1.0øC d -1 in the RBL. A layer emissivity of 0.6 would 
0 
.oo .E2 
! 400 •)•MMC + SE
• 00 
800 
1000 • • 
0 10 20 30 
(øC m see -•) 
Fig. 9. Components of the northward transport of heat for the 
year as a function of height. MMC is mean meridional circulation; 
SE, standing eddies; TE, transient eddies [0ort, 1974]. 
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Fig. 10. Composite north-south temperature cross section north 
of Alaska during winter. There is a decrease in temperature with 
latitude which is consistent with an overall radiational cooling 
balanced by temperature advection from lower latitudes [Poage, 
1954]. 
be required to make up the 42 W m -2 difference on Novem- 
ber 27. Although a contribution of 50 W m -2 from ice 
crystals is within the range of Curry et al. [1989] and a 
midwinter maximum in ice particle concentration is sug- 
gested by them, we attribute the difference to thin clouds. 
We believe that the early November and December clear- 
sky periods have typical early winter ice crystal concentra- 
tions which contribute an additional downward radiative flux 
of 10-20 W m -2 for the Arctic air mass. 
4. CALCULATION OF ATMOSPHERE-SEA ICE SYSTEM 
COOLING DURING FALL AND WINTER 
As a numerical experiment, a linear temperature profile 
was specified as an initial condition and the profile was 
allowed to cool and evolve over 90 days (Figure 7). An 
idealized relative humidity profile was assumed during the 
run (Figure 7c). Previous high-latitude model calculations 
terminated after 24 hours [Cerni and Parish, 1984] or 14 days 
[Curry, 1983]. We have neglected moisture processes during 
the initial weeks of cooling [Curry, 1983]. For our one- 
dimensional atmospheric model with radiative processes, 
heat conduction through the ice/snow, and an ice crystal 
contribution of 20 W m -2, the atmosphere cools over the 
90-day period and develops a much colder temperature 
profile than is observed in nature (Figures 1 and 2) with 
surface temperatures near -60øC. This result contradicts the 
speculation that the warm air temperature in the radiative 
boundary layer is maintained by the snow temperature 
which in turn is maintained by heat flux through the ice. 
Near-equilibrium Arctic temperature profiles require an 
additional heat source which can only be supplied through 
lateral advection from lower latitudes. An additional regional 
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Fig. 11. Model calculated (a) temperature and (b) radiative profiles for a 90-day period. Temperature profiles are 
computed from the radiation model with the addition of 1.0øC d-' warming to simulate the seasonal influence of lateral 
temperature advection. There is agreement with winter Arctic vertical temperature profiles. 
average sensible heat flux from leads cannot make up for the 
radiative loss to space of the winter Arctic atmosphere (see 
next section). Energy budgets have been calculated for the 
atmosphere north of 60øN by Oort [1974] and north of 70øN 
by Nakamura and Oort [1988]. They calculated the energy 
flux into the Arctic across latitude lines from rawinsonde 
data and out the top of the atmosphere from outgoing 
radiation flux data from satellite sensors. The energy balance 
for north of 70øN is shown in Figure 8 for winter, showing 
the importance of lateral flux. The 48 W m -2 from the 
surface was calculated as a residual and was assumed to be 
composed of a net radiation loss from the surface and 
sensible heat from peripheral seas. The flux compares well 
with the net radiation flux calculated from the CEAREX 
soundings in Figures 4 and 5. The vertical distribution of the 
annual mean poleward flux of energy northward across 60øN 
is shown in Figure 9; lateral heat flux is contributed primarily 
by transient eddies and is concentrated in the lower atmo- 
sphere. The temperature cross section from Alaska to the 
pole from dropsonde data (Figure 10) shows a latitudinal 
decrease of the temperature of the maximum layer, consis- 
tent with temperature advection from lower latitudes. 
A net heating was added to the radiation/ice model of 
1.0øC d -1 below 650 mbar decreasing to 0.0øC d -1 at 325 
mbar to simulate heating through lateral advection. This 
value is taken from the cooling rate calculated in Figure 6. 
The model was run for 90 days from an initial linear 
temperature profile. The final profile (Figure 11) is very 
similar to observed profiles in Figures 1, 2, 4, and 5. This 
final temperature profile is a result of H20 and CO2 radiative 
cooling, lateral advection, ice crystal cooling, and conduc- 
tive heat flux through the sea ice. The model develops a 
steady temperature maximum layer in equilibrium with the 
snow surface. 
5. INFLUENCE OF LEADS AND THIN ICE 
Maykut [1982] has completed an area-weighted sensible 
heat flux calculation for the Arctic (Table 4). Ice thicknesses 
less than 0.4 m comprise 2.5% of the total area for Decem- 
ber-February, and ice thicknesses less than 0.8 comprise 
6.6%. Sensible heat flux from the ice to the air is less in 
January and February relative to December, which has a 
greater percentage of thin ice. In January and February the 
ice to air heat flux regions of thin ice is 30% of the magnitude 
of the areal average of air to ice flux over thicker ice. If the 
winter lead thin ice heat flux value of-5.7 W m -2 is used to 
heat the troposphere to 600 mbar, one obtains a heating rate 
of 0.11øC d-• or about 12% of loss due to radiative cooling 
(Figure 6). This confirms the importance of lateral heat 
advection to balance the radiative loss to space. If this heat 
is retained in the RBL (1500 m) it has a heating rate of 0.25øC 
d- • or about 28% of the radiative cooling rate. Although t is 
amount is not negligible, it indicates that >70% of the 
thermal balance in the RBL is determined by the radiative 
interaction of the temperature maximum layer with the 
snow-covered pack ice. In marginal seas with greater per- 
centage of thin ice the lead contribution would be greater. 
6. COMPARISON WITH CEAREX OBSERVATIONS 
During the fall CEAREX period, the surface air tempera- 
tures show a cooling trend from September toearly Novem- 
ber (Figure 12). After October, periods of generally cold and 
decreasing temperatures were interspersed with three short 
TABLE 4. Percent Coverage of Thin Ice and Contribution of Sensible Heat Flux From Thin Ice 
December January February Average 
Percent of area 0.0-0.4 m 3.8 
Percent of area 0.4--0.8 m 6.2 
Sensible heat flux 0.0-0.8 m, W m -2 -8.3 
Sensible heat flux 0.8 m --• oo, W m -2 11.5 
2.3 1.4 2.5 
3.8 2.4 4.1 
-4.9 -3.8 -5.7 
16.3 13.5 13.8 
After Maykut [1982]. Negative flux is from the ice to the air. 
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Fig. 12. Plot of air temperature of 0000 UT every day during the CEAREX drift. The thermometer was located on 
the bow mast of the R/V Polarbjorn at an elevation of 14 m. Winter cooling occurred by early November, followed by 
an alternation of clear and cloudy periods which correspond to high and low surface temperatures. 
episodes of warm and rapidly changing temperatures. During 
the cold periods, light and variable or northerly winds, clear 
skies and ice crystals were typically observed from the ship. 
These clear conditions are responsible for the seasonal 
cooling of the arctic atmosphere. On the other hand, the 
periods of warm, rapidly changing temperatures were asso- 
ciated with one or more low-pressure systems. These low- 
pressure systems were accompanied by clouds, fronts, 
snow, and large horizontal heat advection. 
If these stormy periods are ignored, the trend of the 
observed surface air temperature is very similar to the 
radiation model result shown in Figure 11. However, during 
CEAREX, the horizontal advection of temperature was not 
constant, as in the model, but occurred in short intervals 
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Fig. 13. Plot of 0000 UT temperature soundings obtained through- 
out the CEAREX drift. 
is consistent with the results of Oort [1974] and Serreze and 
Barry [ 1988], who show the importance of transient eddies in 
transferring heat into the Arctic. 
All the 0000 UT rawinsonde profiles during the CEAREX 
drift are shown in Figure 13. The warmer profiles measured 
during the beginning of the drift were similar to the end of 
summer air mass hypothesized for calculations in Figure 11. 
The envelope of soundings is consistent with envelope of the 
model soundings shown during the 90-day model run with 
minimum surface temperatures of-35øC. All soundings in 
November and December during periods of persistent clear 
skies and light or northerly winds are shown in Figure 14 (see 
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Fig. 14. Plot of all temperature soundings during the CEAREX 
drift in November and December when the sky was clear and the 
wind was less than 4 m s -l. Note the similarity to the radiation 
model predictions. 
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Fig. 15. Plot of all temperature soundings during the Novem- 
ber-December drift when the sky was overcast and winds were 
southerly. The temperatures are much warmer and upper level 
inversions exist, unlike clear sky cases (Figure 14). 
December, cloudy, southerly wind periods shows profiles 
which were much warmer and contain elevated inversions 
(Figure 15). 
The short-term variability of surface temperature and 
profile structure caused by the changing synoptic situation 
were as large as the seasonal trend predicted by the model. 
Analysis of the CEAREX data confirms the importance of 
both clear-sky cooling and horizontal heat advection due to 
transient eddies to the maintenance of the fall-winter, Arctic 
temperature vertical structure at 80øN in the eastern Arctic. 
7. COUPLING OF SURFACE AIR TEMPERATURE AND 
SNOW TEMPERATURE 
While the snow temperature is strongly coupled to the entire 
radiative boundary layer through radiation processes, the sur- 
face air temperature responds to the snow temperature through 
sensible heat flux. Changes in snow temperature can be rapid. 
The air temperature often lags the snow temperature with small 
air-snow temperature difference and small sensible heat flux. 
To quantitatively assess temperature changes, a coupled 
atmospheric boundary layer-thermodynamic sea ice model 
is used. The atmospheric model is a level 1.5 turbulent 
kinetic energy (TKE) closure model with prognostic equa- 
tions for momentum, potential temperature and TKE and a 
parametric equation for mixing length [Overland, 1988]. The 
model domain extends to 500 m using 1000 grid points with 
logarithmic packing near the surface. The sea ice model is 
the three-level model of Serntner [1976] to allow time 
changes in sea-ice heat flux. It was necessary to formulate 
the sea ice model with implicit differencing to accommodate 
rapid changes in longwave input. 
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Fig. 16. (a) Evolution of the vertical profile of potential temperature from model calculations during the transition 
from cloudy conditions to clear sky conditions, which creates the cold layer below an inversion, followed by a warming 
due to an instantaneous increase in downward longwave radiation. (b) Wind speed profile. (c) Wind stress profile with 
a reduction in stress during clear-sky conditions. (d) Evolution of the vertical profile of heat flux with sensible heat 
transfer from the air to the snow with clear skies, followed by a reversal in the direction of heat flux. 
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Fig. 17. (a) A model simulation oœ the time variation in the snow temperatures from cloudy conditions (• • = 230 
W m -2) to clear sky conditions (• • = 150 W m -2) at 2 days returning to cloudy conditions at 6 days. (6) Time variation 
in the difference o• air temperature at 10 m and the snow temperature. (c) Time vacation in suvaco sensible heat flux. 
As a numerical experiment, the model was run for 10 days 
with a constant geostrophic wind of 3.0 m s -•. Initially, 
cloud conditions are assumed with an isothermal tempera- 
ture profile and a F$ of 230 W m -2 consistent with 
CEAREX cloud cover values (Table 3). After 2 days, clear 
skies are specified with a F $ of 150 W m -2. Under these 
conditions a low level inversion develops (Figure 16) as the 
snow temperature cools to a near-equilibrium temperature of 
-34øC (Figure 17a). After an initial temperature difference of 
5øC, the surface air temperature (10 m) remains within 2øC of 
the snow temperature (Figure 17b) and the heat flux from the 
air to the ice is less than 15 W m -2 (Figure 17c). At 6 days 
the downward longwave radiation is instantaneously in- 
creased to 230 W m -2. Even though the radiation change is 
instantaneous, the air-snow temperature difference remains 
less than 2.0øC and the heat flux from the snow to the air is 
less than 25 W m -2. The response to warming is asymmet- 
rical with cooling because of the influence of mixing in the 
atmospheric boundary layer. CEAREX air (solid line) and 
snow temperatures (dotted line) remained very close except 
during a period of light winds (Figure 18). During cloudy 
conditions with winds from the south (170ø-260 ø ) the air 
temperature was within 0.8øC of the snow temperature. For 
clear sky northerly winds (350o-80 ø ) the air temperature was 
OVERLAND AND GUEST: ARCTIC SNOW AND AIR TEMPERATURE BUDGET 4661 
• 0 0 0 0 • 0 0 • • 
i 
(,tu/e•) xn• •,•eH (0) e.mm.[edtue/(S/LU) peeds PUlM 
I • ,• i ! i i i t t lit I i i I i i i i t i J J J i ?,•qj,•m,•_ ii [ i 
o.o o o oo o o o o o 
'- (0) ' 
4662 OVERLAND AND GUEST: ARCTIC SNOW AND AIR TEMPERATURE BUDGET 
within 1.8øC (colder) of the snow temperature except for the 
period of calm winds from November 2 through 6 (Figure 
18). Assuming an air-ice exchange coefficient of 1.5 x 10 -3 
relative to a 5-m anemometer height, the sensible heat flux 
by the bulk method during CEAREX was less than 20 W 
m -2 and most of the time it was less than _+10 W m -2 
(Figure 18, top panel). 
A snow temperature change of 17øC is the response to the 
change in atmospheric longwave radiation of 80 W m -2. The 
air temperature responds to the snow temperature change 
with a maximum sensible heat flux of 20 W m -2. During 
surface cooling, a surface inversion develops, severely re- 
ducing the momentum coupling between the air and the 
drifting sea ice [Overland, 1985]. Surface warming can 
increase the geostrophic drag coefficient by providing addi- 
tional TKE through buoyancy flux and reduced stratifica- 
tion. Although it is impossible to generate accurate synoptic 
surface air temperature fields for the Arctic, these may not 
be necessary for driving sea ice models. Snow temperature 
and temperature-maximum-layer temperature or even cloud 
versus no cloud cover may be better indicators of low level 
stratification and air-ice coupling than snow temperature and 
surface air temperature. 
8. SUMMARY 
A radiation model for the atmosphere has been coupled 
with a thermodynamic model of sea ice. Primary control of 
snow temperature occurs from a radiative equilibrium with 
the radiative boundary layer of the order of 2 km thick. Heat 
transfer through the ice to the snow layer is of secondary 
importance, but it does contribute to warmer snow temper- 
atures over sea ice than land stations. The maintenance of air 
temperatures in the upper RBL is primarily determined 
through a loss of heat to space, balanced by lateral advec- 
tion. Even at 81øN, northward propagation of storm systems 
provides the mechanism of lateral advection. These storms 
play an important role in the Arctic winter energy budget and 
in momentum coupling between the air and ice. Heat flux 
through leads and thin ice is a minor heat source for the 
winter, center Arctic atmosphere, although locally and in 
marginal seas it can be important. 
A credible, steady state one-dimensional model of the 
atmosphere-sea ice system is impossible without the inclu- 
sion of lateral heat advection. If lateral heat advection is 
parameterized into the model at the rate of 1.0øC d -1, a 
steady winter temperature profile can be obtained which can 
then be used for more detailed studies of atmosphere-sea ice 
momentum coupling. This is a direction of future study with 
the CEAREX observation set. 
A coupled atmospheric boundary layer-thermodynamic 
sea ice model and CEAREX observations demonstrate that 
surface air temperatures do not deviate by more than a few 
degrees from snow temperatures, which often change by 
15øC owing to changing weather systems. The surface radi- 
ation deficit and RBL potential temperature are possibly 
better indicators of low level stability and thus air-ice 
momentum coupling than air-snow temperature difference. 
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